The inhibiting effects of azo-azomethine compounds and their copper complexes were investigated to evaluate their efficiency as corrosion inhibitors for copper in 1.0 M chloride solutions (NaCl) under various conditions using weight loss, electrochemical measurements and solution analyses. The results obtained indicated a remarkable decrease in the corrosion rate in the presence of 20 mmol/l azo I-azomethine I at room temperature. To study the nature of the solid products formed under free corrosion conditions or with the additive, the surface morphology at the end of the immersion tests was examined using infrared spectroscopy (IR). The surface film was identified as a Cu(II) complex totally covering the surface of the metal, exhibiting strong corrosion inhibition. The formation of the Cu(II) complex was accomplished by the adsorption of the azo-azomethine onto the copper surface.
INTRODUCTION
Copper and its alloys are widely used in industry, particularly as condensers and heat exchangers in power plants, because of their excellent resistance to corrosion in neutral aggressive media. For this reason and because the electro-dissolution of copper in chloride solutions is important in electromachining, there is an interest in inhibitors with good inhibition efficiencies (IEs). The essential ingredients of many of the commercial inhibitors are aldehydes and amines (Schmitt 1948) , while the Schiff base derived from 3-methoxysalicylaldehyde and o-phenyldiamine has been reported as a corrosion inhibitor for copper in 1 M hydrochloric acid (Li et al. 1998 ). Indeed, as described in our previous articles (Shokry et al. 1997 (Shokry et al. , 1998 , the Schiff bases derived from diamines and o-hydroxy, o-methoxy aromatic aldehydes and some of their metal complexes have been found to be good inhibitors for steel (SS 400) in HCl solution. A recent report in the literature has described self-assembled (SA) films of Schiff base as effective inhibitors capable of being chemisorbed onto a copper surface and protecting copper against corrosion in chloride solution (Quan et al. 2002) .
In the work reported here, comparative studies have been undertaken of some azo-azomethines and their copper complexes as corrosion inhibitors and studies on hydrogen permeation through pure copper in 1 M chloride solution have been repeated. The choice of these compounds was based on two considerations: (i) the presence of the π-bond of an azo-azomethine group or the π-electrons of aromatic rings capable of assisting bonding of the inhibitor to surface metal atoms; and (ii) the presence of -OH and -COOH groups which increase the solubility of such inhibitors in test solutions and their corresponding adsorption onto the metal surface, thereby leading to a higher inhibition efficiency.
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EXPERIMENTAL

Materials
Copper electrodes were prepared from a sheet containing 99.98 wt% Cu. These specimens were polished with #400 SiC-type emery papers for the corrosion weight-loss tests and with #1500 SiC-type emery papers for the electrochemical measurements.
They were subsequently degreased in methanol and washed ultrasonically in acetone immediately before and after the various tests undertaken. The specimens were finally dried at room temperature. The test solutions used were 1.0 M NaCl as a blank solution while inhibitor solutions were prepared using 10 vol% methanol employing a concentration range of 0.05-20 mmol/l in 1.0 M NaCl solution.
All reagents employed in the preparation of ligands, the synthesis of inhibitors and in the various experiments conducted were all of AnalaR grade as supplied by BDH Laboratory Chemicals and Sigma-Aldrich.
Synthesis of inhibitors
Preparation of ligands
The azo compounds were prepared by coupling the diazonium salt of an anthranilic acid or an o-aminophenol with 2,4-dihydroxybenzaldhyde using the procedure described by Adams (1959) . To prepare the azo-azomethine ligand, a definite amount of the respective azo compound dissolved in the least volume of ethanol was mixed with anthranilic acid or o-aminophenol dissolved in ethanol and the reaction conducted according to the method of Diehl and Hach (1950) . The formulae of the compounds tested as copper corrosion inhibitors are listed in Table 1 .
Preparation of the Cu complexes
A hot ethanolic solution containing the organic ligand was added dropwise to a hot ethanolic solution of the copper chloride. The resulting mixture was stirred for 6 h, the solid complex formed being separated by filtration, washed with dry ethanol and then dried in vacuum. Elemental analyses and IR and ESR spectral studies were undertaken on all the solid complexes obtained.
Measurements
Corrosion weight-loss measurements
Gravimetric experiments were undertaken in a glass cell employing 100 ml volumes of the various solutions studied. A specimen copper plate (length, 2 cm; width, 2 cm; thickness, 0.05 cm) was immersed in non-deaerated 1.0 M NaCl solution and allowed to stand for 5 d in air at room temperature. At the end of the tests, each specimen was weighed and the mean value of the weight loss reported. This weight loss allowed the mean corrosion rate to be expressed in mdd units.
Electrochemical measurements
The cylindrical cross-section of the pretreated copper (2 × 2 mm dimensions) was used as the working electrode, its lateral surface being covered with Teflon resin. The counter-and reference electrodes were a platinum electrode and a saturated calomel electrode (SCE), respectively. These electrodes were connected by means of a Luggin capillary bridge. All tests were performed in non-deaerated solutions at room temperature.
Polarization measurements
The procedure adopted for the polarization measurements was the same as that described elsewhere (Shokry et al. 1997; Quan et al. 2002) . A standard three-electrode cell was used with glassy carbon (GC) as the working electrode, a silver/silver chloride (Ag/AgCl/3 M KCl) as reference and a platinum wire as the counter-electrode, the cyclic voltammograms being recorded using a PS-07 potentiostat (Toho Technical Research) with a scan rate of 20 mV/s. Potentials are reported with reference to the Ag/AgCl electrode scale, taking into account the corrected potential values of the SCE. The open-circuit potential was first stabilized (within 20 min) before recording the polarization curves. The cathodic branch was always determined first, the open-circuit potential was then re-established and the anodic branch determined. Both the anodic and cathodic polarization curves were recorded using a constant sweep rate of 0.5 mV/s. Inhibition efficiencies were determined from corrosion currents as calculated by the Tafel extrapolation method and fitting the curve to the polarization equation. The variation of the opencircuit potential with time (over a period of 200 min) was measured using an electrometer at room temperature under atmospheric conditions.
Solution analyses
The possibility of copper complex formation in the tested solutions with and without inhibitors was investigated spectroscopically using a Shimadzu 240 UV-vis spectrophotometer.
RESULTS AND DISCUSSION
Corrosion rates were determined from weight-loss measurements conducted at room temperature in 1.0 M NaCl solutions containing various inhibitors. The corrosion rates of copper decreased with inhibitor concentration. The inhibition efficiency (IE) of the copper electrode was calculated from the corrosion weight loss observed before and after the addition of inhibitor employing the relationship:
where w 0 and w are the corrosion weight losses of the uninhibited and inhibited copper, respectively. Table 2 lists the data arising from the weight-loss determinations for different concentrations of inhibitors in 1.0 M NaCl solution at room temperature. It will be seen that all the inhibitors studied largely inhibited the corrosion of copper. Increasing inhibitor concentration led to a decrease in the corrosion rate values while the value of IE (%) increased. Thus, at a concentration of 20 mmol/l, the inhibition efficiency attained values of 96.6% and 93.94% for azo II-azomethine II and azo I-azomethine I, respectively. From the weight-loss measurements conducted, it was found that the efficiencies of the tested inhibitors followed the order: azo II-azomethine II > azo I-azomethine I > azo II > azo I (see data in Table 2 ). Thus, azo II-azomethine II was the most Figure 1 shows the anodic and cathodic polarization curves of copper in 1.0 M NaCl solution without and with inhibitors, respectively. In the presence of azo II-azomethine II as an inhibitor, the copper surface was found to be covered with a film of the copper complex of the inhibitor at the end of the experiment. An anodic Tafel slope of 50.8 mV was obtained from the value of the anodic polarization of the copper electrode. This is very close to 60 mV, indicating that the anodic dissolution followed a well-established mechanism (D' Elia et al. 1996; Braun and Nobel 1979) . The dissolution is limited by mass transport and leads to the formation of the cupro-chloride ion . However, different authors have ascribed the diffusion step to chloride transport to the surface (Braun and Nobel 1979) or to the transport of the ion to the bulk solution (D'Elia et al. 1996; Barcia et al. 1993) . Indeed, an exact definition of the diffusion processes involved in this potential region has been discussed and described as being limited solely by diffusion (Braun and Nobel 1979; Barcia et al. 1993; Banfiglio et al. 1973) .
The mechanism for the anodic dissolution of copper in acidic and neutral solutions may be written as follows:
For the Cu/NaCl system, the anodic reaction occurring on the copper surface is the dissolution of copper while the cathodic reaction involves the reduction of oxygen present in the solution. However, despite the fact that oxygen reduction is also influenced by mass transport, that involving the anodic dissolution of copper is the mass-transport process which predominates at the corrosion potential.
Azo or azo-azomethine compounds are types of ligands which readily coordinate with the Cu(II) ion (Casella and Gullotti 1986; Nakao 1967) . When the azo compound is added to the solutions, the azo molecules are physisorbed onto the copper surface and react rapidly with Cu(II) ions on or around the copper surface to form the Cu(II) complex. This complex covers some of the sites on the electrode surface, protecting them from attack by aggressive Cl − ions. Consequently, copper corrosion is only possible at uncovered sites on the copper surface. This explains the strong inhibition of copper corrosion in Cl − -containing media by azo or azo-azomethine compounds. In the present studies, when the copper surface was covered with a film of the azo or azo-azomethine compound, both anodic and cathodic processes were obviously inhibited and the slope of the anodic Tafel plot decreased slightly. However, the corresponding copper complexes with azo I, azo Iazomethine I, azo II and azo II-azomethine II were less efficient as corrosion inhibitors than their parent compounds (see data listed in Table 2 ). This may attributed to the presence of the Cu atom in the complex leading to a decrease in the localization of the lone pair of electrons associated with the N-atom of the corresponding ligand. This explanation agrees well with the trend in the θ values obtained experimentally and listed in Table 2 and the polarization curves depicted in Figure 1 . Through a combination of electrochemical data and solution analysis it was possible to establish general trends in the behaviour of the tested inhibitors towards copper protection in aqueous solutions containing aggressive species such as the Cl − ion. Such protection ability was characterized by a shift in the potential values in a more positive direction which could be related to surface coverage by activating films of the inhibitors. The addition of inhibitors also led to a slight modification in the E corr values.
Open-circuit behaviour
The open-circuit behaviour depicted in Figure 2 as a plot of the rest potential, E ocp , against time shows that the potential of copper in a 1.0 M NaCl solution containing azo II-azomethine II 650 H. Shokry et al./Adsorption Science & Technology Vol. 23 No. 8 2005 Rest potential, E ocp (V) versus SCE Immersion time (min) shifted slightly towards the positive direction compared with the blank solution. It will be noted that the open-circuit potential data depicted in Figure 2 correspond to those obtained via polarization measurements as shown in Figure 1 .
Infrared (IR) spectroscopy
The nature of the surface film formed on the copper electrode in 1.0 M NaCl solution in the presence of azo-azomethine was examined by collecting the layers produced after the weight-loss test, washing them carefully with distilled water and analyzing them by IR spectroscopy. The complex formed on the copper surface was brown in colour, i.e. the same colour as that of the synthesized complex (azo II-azomethine II Cu complex • H 2 O). The IR spectrum depicted as c in Figure 3 is that of the complex formed on the surface of the copper sample.
The spectrum of this complex may be compared with that of the synthesized azo I-azomethine I Cu complex • H 2 O (Figure 3 , spectrum b) as well as that of the azo I-azomethine I compound (Figure 3, spectrum a) . The spectra of the synthesized complexes and of the surface complex were almost identical but differed from those of the free ligands (inhibitors). This confirms that a reaction occurred between the copper surface and the inhibitor to form a layer of the azo II-azomethine II copper complex.
Adsorption isotherms
Attempts were made to fit these θ values to various isotherms, including those of Frumkin, Langmuir and Temkin. By far the best fit was obtained with the Temkin isotherm. The degree of surface coverage, θ, for different concentrations of the azo or azo-azomethine in 1.0 M NaCl solution has been evaluated from weight-loss measurements and capacitance values as described earlier (Rengamani et al. 1994) . The various isotherm models were tested graphically to see which provided the best fit to the experimental surface-coverage data. It was found that plots of θ versus log C gave a straight line whose slope was nearly unity, thereby demonstrating that the adsorption of the azo-azomethine compounds azo I, azo II and azo I-azomethine I from aqueous media onto the copper surface obeys Temkin's adsorption isotherm (see Figure 4 ). In addition, the positive value for the slope of the linear plot indicates the presence of attractive interactions between the copper surface and the adsorbed species.
Polarization studies
The voltammograms of azo I-azomethine I in 1.0 M NaCl without immersion of the copper specimen were recorded at a scan rate of 20 mV/s and illustrated in Figure 5 . The voltammograms display two strong anodic peaks but no cathodic peaks in the reverse scan; this supports the irreversible nature of the reduction waves (Delahy 1953). The first anodic peak appears at ca. −45 mV while the second step appears as a strong peak at ca. −135 mV. The peak height decreased after immersion of the copper specimen in 1.0 M NaCl solution in the presence of azo I-azomethine I. This may be associated with the decreasing concentration of inhibitor due to the consumption of some inhibitor molecules in the formation of the azo I-azomethine I Cu complex on the metal surface.
UV-vis reflectance studies
Film formation on the metal surface was also supported by reflectance studies of the copper specimen under similar conditions. The possibility of chelate compound formation in 1.0 M NaCl solution in the presence of inhibitors was determined from UV analyses of the test solution taken after the corrosion weight-loss tests. The corresponding data are depicted in Figure 6 and show that absorption peaks occurred in the spectrum of azo I-azomethine I before immersion over the 652 H. Shokry et al./Adsorption Science & Technology Vol. 23 spectral range 238-300 nm. After the corrosion weight tests in 1.0 M NaCl solution had been conducted on the copper sample, adsorption peaks appeared in the vicinity of 238, 274.9 and 366.6 nm, respectively. Such changes in the reflectance spectrum may be associated with the formation of a chelate compound with the Cu 2+ ion which was readily adsorbed on the metal surface and thereby inhibited 
